Denis Flick. Study of crystal size evolution by focused-beam reflectance measurement during the freezing of sucrose/water solutions in a scraped-surface heat exchanger. Process Biochemistry, Elsevier, 2010, 45 (11) This study examines the freezing step that occurs in a scraped-surface heat exchanger during the manufacturing of sorbet. During this step, the product enters the exchanger as a liquid, then it is cooled and partially crystallized before exiting the exchanger as a mixture of liquid and ice, also called sorbet. The freezing step governs the final quality of the product, particularly its texture. Most existing studies have focused on the product after freezing at the exchanger exit. The aim of this work was both to follow the evolution of the ice crystals' granulometry during the freezing of sorbet in the exchanger and to relate this evolution to process parameters such as refrigeration temperature, scraper speed and initial sucrose concentration. Few in situ sensors exist to follow granulometry, and this fact is especially true for rapid kinetics and concentrated suspensions. Focused-beam reflectance measurement (FBRM), an original tool, was used in this study. FBRM is currently used in the chemical and pharmaceutical industries to follow product granulometry, but it is not used in food-related applications. In our study, an experimental protocol was developed to assure identical initial thermal and crystallization conditions. First, the sensor sensitivity and the repeatability of the results were verified. The measurements performed with the FBRM probe showed that this technique can be used to follow crystal granulometry in a sorbet consisting of up to 30% of ice. The effect of process parameters was then analyzed. It appears that a decrease in refrigeration temperature accelerates ice crystallization and yields slightly smaller crystals. The same effect is observed with increasing scraper speed. Additionally, when the initial sucrose concentration in the solution is increased, the ice fraction increases more slowly but the mean chord length is smaller.
Introduction
The smooth texture and creamy mouthfeel of sorbet and ice cream are two sensory characteristics of these products that are most appreciated by consumers. A small mean ice crystal size (10-20 m) is essential to give the product its desired texture [1] . Ice crystals larger than about 50 m, if present in sufficient number, confer a coarse or grainy texture to the final product [2] . To control ice crystal size distribution, it is important to understand how crystals both are formed and grow during the manufacturing process. Formation of ice occurs within two stages of the ice cream manufacturing process: after the initial freezing in a continuous scraped-surface heat exchanger SSHE (known as the freezer) and then during the hardening in a blast freezer where air (at around −25 • C) is the cooling medium. During hardening, undercooling is not sufficient to allow the nucleation of new crystals, but ice phase volume increases due to the growth of existing nuclei [3] . Because of this observation, the properties of the crystal population in the hardened product are largely determined by the initial freezing. Therefore, it is important to better understand the ice crystallization mechanisms and the proceeding parameters that affect them.
In a conventional ice-cream freezer, the first ice crystals appear at the barrel wall at a rate determined by the local subcooling [4] . This subcooling is produced by the use of an evaporating refrigerant such as ammonia. Ice crystals are then removed from the barrel wall by scraper blades that are attached to a rotating shaft. The scrapers are slightly warmer due to the release of latent heat and mechanical energy into the system. Schwartzberg and Liu [5] proposed the following mechanism for ice formation in a scraped-surface freezer. Dendritic crystals are formed on the scraped-surface wall, grow and are scraped off the wall and dispersed into the bulk. They then ripen into the block-shaped crystals seen upon exit from the freezer. The process of such crystallization is complex and involves many coupled interactions between fluid flow, heat transfer and ice crystal nucleation and growth [6] . The kinetics of ice crystallization in the SSHE and the influence of process conditions on the crystal size distribution (CSD) are not very well elucidated. Control of the ice crystallization process is still usually empirical, essentially because of a lack of experimental data. In fact, ice CSD measurement is not simple because of both the possibility for melting the ice and the complex nature of an ice cream formulation, which contains three phases. In-line and real-time measurement of CSD were recently developed to prevent the perturbations in temperature, cooling rate and supersaturation observed during sampling or when using external recirculation in off-line techniques.
One of these developed techniques is the focused-beam reflectance measurement (FBRM). This instrument is increasingly used to investigate and monitor CSD during industrial crystallization processes. This tool offers a solution to the classic light scattering techniques that provide useful CSD measurements but require a sampling and dilution unit. The FBRM technique overcomes these limitations by focusing a laser beam through a window in the probe tip and then collecting the laser light that is scattered back to the probe [7] . In fact, the FBRM probe emits a laser beam rotating at a high velocity (9000 rpm), which propagates into the suspension through a sapphire window. Particle motion is therefore insignificant to the measurement [8] . The beam intersects particles suspended in the solution and is backscattered until it reaches the opposite edge of the particle. This back-scattered light is collected by the FBRM optics and is converted into chord length as the product of the measured crossing time and the beam velocity [9] . The instrument can acquire thousands of chord lengths per second. On a counter board, these lengths are classified into a series of size ranges and are expressed as a distribution, which is referred to as the chord length distribution (CLD). The most attractive advantage of this technique is its utility both for in situ measurement of high solid-concentration suspensions and for following rapid crystallization kinetics. However, the CLD is only an indication of the real population. This probe does not detect particle shape. In fact, CSD is more meaningful for the characterization of a crystal product. Thus, many papers have discussed methods to recover the CSD value from a measured CLD. If the crystal shape is known, particularly when the crystals can be considered as spherical, this restoration is possible. Furthermore, if crystal shape does not change during freezing, the mean chord length can be considered proportional to the mean diameter.
The FBRM technique has been used widely in both continuous [10] and batch crystallization [11, 12] . However, there are no published studies regarding the use of this technique during ice crystallization in SSHE. Furthermore, the studied materials were mainly chemical and pharmaceutical products, but there have been no previously reported studies on ice crystallization.
The purpose of this work was to use the FBRM technique to study ice crystal evolution during the freezing of sugar solutions in a batch SSHE. The sensor sensitivity and the repeatability of the results were studied in order to determine the probe's performance. Several processing and formulation parameters were then studied and related to crystallization kinetics, especially to the ice crystal size, with a view to understanding the dominant crystallization mechanisms within an SSHE.
The batch SSHE used in this study is a laboratory scale batch exchanger. In this exchanger, the scraper blades are located 1 mm from the cooling surface, while in an industrial freezer the scraper blades are generally in contact with the cold inner surface. In the present case, a 1-mm ice layer is probably formed on the cold wall, which increases the internal heat transfer resistance. Previous studies were performed in our laboratory [13] in a pilot scraped-surface heat exchanger, and they were concerned with the effect of the distance between the blades and the cold wall. Temperature measurements at the wall were performed, and the inner heat transfer resistance was determined for distances between the blades and the cold surface of 1-3 mm. It was shown that a permanent ice layer forms only when the gap between the blades and the wall is large enough (for a distance of 3 mm), otherwise the ice layer is not strong enough and is periodically removed from the wall (for 1 mm). In the present study, we considered that, even if a 1-mm ice layer was formed on the wall, this layer was not permanent. Therefore, the conditions that were studied can be considered relatively close to those of an industrial freezer.
Materials and methods
A batch scraped-surface heat exchanger was designed ( Fig. 1) and constructed by the Refrigeration Process Engineering Research Unit at the Cemagref. It consisted of a cylindrical cup of 100 ml (height, 120 mm and inner diameter, 40 mm) equipped with a vessel jacket, where the circulation of a refrigerant fluid allows the cooling of the product. The scraper, driven by a variable speed motor and controlled by a non-contact type tachometer, consisted of four stainless steel blades located 1 mm from the wall. The blades were set on a hollow cylindrical support with an internal radius R i-sc of 13 mm. As shown in Fig. 1 , the FBRM probe S400 (Lasentec, Mettler Toledo) and the Pt100 probes were immersed in the SSHE vessel containing the solution to be studied. The FBRM probe was equipped with a nitrogen purge system to prevent condensation on the sapphire window when the temperature fell below 5
• C. The probe allowed for the determination of the total number of counts per second and counts per class (CLD) as well as the mean chord length during the freezing step. The Pt100 sensor (1.6 mm diameter) measured the product temperature with an accuracy of ±0.03
• C. From this temperature measurement, the ice mass fraction (Xmg,eq) was determined by assuming thermodynamic equilibrium and temperature uniformity in the slurry. The equilibrium curve of the water/sucrose mixture obtained from the relationship proposed by Bubnik et al. [14] was used to determine the sucrose concentration in the residual solution and the ice mass fraction as a function of the slurry temperature.
The freezing of the studied solutions was carried out in two stages. An experimental protocol was developed in order to assure the same initial thermal and crystallization conditions for all the tests. Seeded crystals were previously prepared in the same exchanger and stored at −18
• C. During the first stage, the solution was stabilized at a defined temperature below its freezing point and a small controlled amount of ice crystals was seeded in the vessel to initiate crystal nucleation. The supercooling phenomenon, which can randomly happen, is thus avoided. At the end of this stage, the ice content for all the studied solutions was nearly 3%. This point is the initial freezing state.
In the second stage, the examined freezing step was started using a lowtemperature refrigeration bath. The reference conditions were: a bath refrigerating fluid temperature of −20
• C, a scraper speed of 300 rpm and a solution containing water and 30% sucrose.
In this work, the effects of three parameters were studied:
-The bath refrigerating fluid temperature was set at −10, −20 and −30 • C, with a scraper speed equal to 300 rpm and a solution with an initial sugar content of 30%. -The scraper speed was set at 25, 50, 100, 300 and 400 rpm, with a refrigeration temperature of −20 • C and a solution with an initial sugar content of 30%. -The initial sugar content of the solution was set at 15, 30 and 45%, with a refrigeration temperature of −20 • C and a scraper speed equal to 300 rpm.
Results

Probe sensitivity and result repeatability under the reference conditions
After performing three tests using the same reference conditions, Fig. 2 shows the evolution of the total count number (number of particles detected per second) and of the sorbet temperature near the cup center as a function of time. The solution was initially at −2.85 • C and contained nearly 3.5% (mass fraction) ice. The vessel jacket was fed with the refrigerating fluid at −20 • C. After nearly 10 s, a time that corresponds to the thermal resistance of the solution, the solution temperature decreased. The count number per second then increased, which corresponds to the formation of new ice crystals.
However, it should be noted that the increase in this count number begins with a greater time delay (around 40 s) than the thermal inertia observed. This observation can be explained by the fact that the solution is refrigerated at the cold wall and arrives quickly at the center by radial mixing, but the solution does not initially contain new crystals. Time is required for nucleation to begin at the wall, and the 1-mm ice layer has to be scraped. Unfortunately, the FBRM probe cannot detect crystal shape changes, and several shapes can give the same chord distribution. However, the main goal of the use of this probe is that the size changes are detected and can be quantified.
Next, the total count number increases regularly with solution cooling and finally falls sharply after nearly 300 s. This fall can be explained by the significant amount of ice (around 30%) in the sorbet, which begins to stick to the probe and disturb the measurement. It is important to recall that the FBRM measurement can be dependent on stirring performance and crystal density, particularly near the probe (Heath et al. [15] ). The stirring must be sufficient to avoid ice sticking.
At around 200 s, the thermal evolution of the three tests becomes significantly different. Visual observation shows that the higher the amount of ice, the more the flow is disrupted. This disruption influences the heat transfer and the radial mixing and therefore the temperature measurement. To overcome this variability, it is better to represent the count number evolution as a function of temperature (and equivalent ice mass fraction) instead of time (Fig. 3) . In this figure, the three curves are close to one another, meaning that the evolution of the count number is similar for the three replicates. The measurements performed with the FBRM probe can then be considered correct and repeatable for an amount of ice up to 30%.
Refrigeration temperature effect
First, the results are presented in terms of the evolution of mean chord length as a function of temperature or ice mass fraction (Fig. 4) . Each curve is an average of three tests and the error bars are included. Second, the count number percentage as a function of chord length, which corresponds to the CLD at a given temperature, is presented (Fig. 5) . It was observed that for the three refrigeration temperatures tested, the mean chord length decreased rapidly at first until the ice content reaches nearly 15%. This change can be explained by the fact that when freezing first begins, the nucleation of new small crystals (smaller than the seeded crystals) is the predominant effect leading to the decrease in the mean chord length. This decrease occurs even faster when the refrigerating temperature is low (especially when Tb = −30 • C) because the faster new crystals are created, the faster the relative importance of the large crystals decreases.
Next, crystal growth occurs, but seems to be limited by the attrition of large crystals at high ice content or by melting. Above an ice content of 20%, the ice crystal size seems to stabilize at a constant value. This phenomenon was observed in a similar study by Lian et Fig. 4 . Effect of refrigeration temperature on mean chord length evolution (average of three tests) with solution temperature and the corresponding ice fraction assuming thermodynamic equilibrium.
al. [6] . It can also be noted that the faster the freezing, the smaller the mean crystal size when the temperature is less than −3.5 • C (corresponding to an ice content above 15%).
The observation of the CLD when the mass ice concentration reaches about 25% confirms this trend (Fig. 5 ). Under these conditions, the CLD shifts towards smaller sizes as the refrigeration temperature decreases. The CLD curves are similar (approximately log-normal) and most of the chord lengths are between 3 and 30 m, with a slightly narrower dispersion when the refrigeration temperature decreases. The sorbet is therefore more uniform in size and contains a larger quantity of smaller crystals at the low refrigerating temperature. Fig. 6 shows the effect of scraper speed on the mean chord length evolution from an average of three tests, while assuming thermodynamic equilibrium for the solution temperature and corresponding ice fraction.
Scraper speed effect
The scraper speed increase has the same global effect as that observed when reducing the refrigerant fluid temperature, i.e. a decrease in mean chord length and a CLD shifted towards small sizes as shown when the ice concentration reaches 20.4% (Fig. 7) . By increasing the scraper speed, more crystals migrate from the wall to the center of the vessel. These crystals can generate other smaller crystals by secondary nucleation and/or attrition. On the contrary, the dissipation of mechanical energy into heat increases, which can lead to the melting of small crystals and result in an increase in the average size of crystals at high speed scraping. This effect was observed in some cases in the literature. One of these Fig. 5 . Effect of refrigeration temperature on CLD at −4.5
• C (at ice fraction Xmg,eq = 24.9% assuming thermodynamic equilibrium). • C (at ice fraction Xmg,eq = 20.4% assuming thermodynamic equilibrium).
two opposite effects can be the predominant one. In our case, the results showed that the attrition effect is more important than heat dissipation.
Sucrose concentration effect
When increasing the initial sugar content, the ice fraction increases more slowly and the average crystal size decreases, as shown by the measured CLD at X mg,eq = 25% (Fig. 8) . Indeed, increasing the sucrose content of the solution leads to a higher viscosity. Therefore, there is more dissipation of mechanical energy into heat (possibly melting other crystals) and, more importantly, viscous strain (meaning higher attrition). On the other hand, the resistance Fig. 8 . Effect of sucrose concentration on CLD (at ice fraction Xmg,eq = 25% assuming thermodynamic equilibrium).
to water diffusion to the ice crystal surface is higher and the growth rate is, therefore, lower.
Conclusions
This study confirms that the FBRM technique can be considered a convenient tool for studying ice crystallization in terms of ice crystal size evolution during the freezing of sugar solutions in a batch SSHE.
The results seem to be repeatable, and the information given by the probe is similar to that obtained by other studies in the literature. The measurements seem to be reliable for an ice content below 30%, which can be considered a promising result in comparison with other existing techniques.
The studied parameters show the expected effects in terms of the measured mean chord lengths and CLD. Indeed, a decrease in the refrigeration temperature leads to smaller crystals by increasing the undercooling and accelerating the ice crystallization rates. An increase in scraper speed shows the same effect. The decrease in average crystal size can be caused by the attrition effect, which seems to be predominant when the scraper speed is high. However, on an industrial scale, increases in the refrigeration rate and scraper speed are limited by energy consumption considerations. Indeed, a compromise between smaller crystal size and energy consumption has to be found.
With regard to the effect of the initial sucrose concentration in the solution, it appears that the average crystal size decreases with increased sucrose concentration. This effect can be explained by two facts. First, the higher viscosity promotes crystal melting and attrition. Second, the solution has a higher resistance to water diffusion to the ice crystal surface.
Finally, it may be interesting to restore the real CSD from the CLD in order to have a more realistic description of the ice crystal population in the SSHE. The use of a convenient photo or video microscopic technique and image analysis could be helpful both for achieving this restoration and for confirming the observed effects reported here. This study is now in progress.
